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ABSTRACT

The primary routes for increasing CdS/CdTe solar cell efficiency involve increasing free
carrier density, reducing bulk and interface recombination, and/or reducing back contact barrier
height ®,.. This paper focuses on the role of the back contact barrier in increasing cell
efficiency. Measurement of @y, and back surface recombination are outlined and three
CdTe/MX/M back contact prototypes, each with particular strengths, are discussed.

INTRODUCTION: EFFECT OF BACK CONTACT BARRIERS ON EFFICIENCY

The V. deficit (E,/q — V) for CdS/CdTe cells is large in comparison with other cells (e.g.,
0.65 V for CdTe vs. 0.44 V for CIS). Optimistically, one can view this as an opportunity for
increasing efficiency. There is little room for improvement in short-circuit current, so the focus
here is on increasing cell voltage and fill factor. Four basic ways to do this are:

* increase free carrier density (p) in the CdTe absorber, [1]

e decrease bulk recombination, [1]

» decrease back-contact barrier height (®y,), [2] and

* reduce back surface recombination by surface treatment and/or an electron mirror. [3]

All of these options are difficult and uncertain to do and to measure.

There is increasing evidence that the density of deep acceptors is much greater than that of
shallow acceptors [e.g., 4], suggesting that the hole density p is considerably smaller than the
usual 1/C? vs. V measurements indicate (=3el4d cm” ).

The experimental correlation between bulk recombination lifetime and real cell efficiency
for CdS/CdTe has only recently become quantitative, when Metzger et al. [5] found a positive
correlation between lifetime measured by Transient Photoluminescence and V.. While the
experimental connections between fabrication variables and efficiency are strong, a description
in terms of specific defect species and their recombination properties is still under discussion
and device modeling is still somewhat tentative [6].

This paper focuses on the role of the back contact barrier. This is perhaps the most
uncertain choice for increasing V,,. for thin cells, but arguably it has the highest potential payoff,
especially if applied in combination with decreased bulk recombination.

For electronically thick cells (Xcgre > =2 Wy where Xcgyre. is the CdTe thickness and W, the
depletion layer width), the depletion layers of the main junction and the back contact don’t
overlap and the back contact can be treated as a series-opposing Schottky barrier. For values of
®,. <0.3 eV, ff and V. aren’t substantially affected. Increasing ®,. beyond 0.3 eV mainly
decreases ff with a small loss of V.. [7,8].

However, the cost-driven trend is toward thinner CdTe layers. Modeling suggests that
efficiency gains due to decreased back-contact barrier height ®,. become greater for thinner
CdTe and smaller space charge density SCD. Given the low SCD values observed, thin cells are
generally nearly or completely depleted at zero bias. They behave more like n/i/p junctions, in
which the built-in voltage is established by the front and back contacts and V., ff, and J.
become almost independent of p. Because of the large built-in electric fields n/i/p devices are
more tolerant of small minority carrier lifetimes [1,3]. Modeling shows that V. in thin
CdS/CdTe cells is inversely related to the back-contact barrier height ®y,.
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Figure 1. Model results for n/i/p CdS/CdTe device with CdTe acceptor density N, = 3e14 cm™,
E, = 0.3 eV: (a) band diagram, (b) V., ff vs. @y, for two recombination center densities (N,
donors and acceptors at E, = E, + 0.75 eV). Large back surface recombmatlon velocities Sy, =
Spep = 1€7 cm/sec are assumed Ji. 1s nearly constant at = 25 mA/cm>. (c) Efficiency vs. ®y.

Figure 1 indicates that the major increase in efficiency for

< 10" — smaller @, is due to an increase in V. rather than an
£ increase in ff. Figure 2 shows recombination loss for the
E 10°- bulk (J;pux) and at the back contact (J;p). Jipc 1S ~qn
o Spke, Where n is the electron density and Sy, is the
@0 recombination velocity at the back contact. For small
;Enf 102 2 —— Irbuk Nr=35e14 | Pbe <0.2 €V, the electron density at the contact is
= —-re== Jrbe Nr=35ei4 | CXtremely small, so even large Sy, has little effect on the
2 10°L —a— Jrbuk Nr=35¢13 | efficiency. For ®y. > 0.2 eV, J, . becomes large and an
= ==-4r== Jr bc Nr=3.5e13 electron mirror such as p-ZnTe would be needed to
10°* ' : : : ‘ — maximize efficiency [1].
L q,‘,’,-,;f’ (83,4 seiiee A compelling reason for focusing on @y, is that the

Figure 2. Modeled bulk and back
contact recombination loss currents
vs @, for cell of figure 1 at the
maximum power point. Spc,n = Spep
= le7 cm/sec. are assumed.

back contact is a troublesome issue in existing technol-
ogy, reducing cell repeatability, uniformity, and stability.
A major practical advantage to manipulation of @y,
rather than bulk properties, is that the back contact is
accessible to surface processing, greatly aiding
combinatorial searches for better contacts.

BACK-CONTACT BARRIER MEASUREMENTS

It must be emphasized that the CdS/CdTe cell is a highly interdependent system, and so it
can be misleading to look at the back contact in isolation. For example, it is usual to associate J-
V curve roll-over with the back contact. However, J-V roll-over can arise from five different
sources: parasitic series resistance, CdS (photo-conductivity pc [8a]), bulk CdTe (pc [8a]), bulk
CdTe (space-charge-limited current [8b]), and/or the back contact (reverse Schottky barrier [7]).
For thin CdTe, there may be photoconductivity effects at the back contact, as well. Thus,
apparent contact results can arise from variations in bulk defect density or CdTe thickness.

Measurement of @,

Methods of measurement of @, are shown in table I.

For layers with an ohmic contact on one side, several methods are available and results are
direct and accurate, IPE being perhaps the best in this regard.

For completed devices, the choices are few and results are sometimes ambiguous. In cells
with electronically thick CdTe, the J-V roll-overs above V. in both dark and light are usually
similar in magnitude. Arrhenius plots of experimental J at V > V. or of the apparent series



resistance give reasonable values, Table 1. Measurement of @y,

typically = 0.3 — 0.5 eV for good cells Single Layer Device
[7,9,10]. For model results, Arrhemus Diode J, vs 1/T J(V>Vyo) vs. 1/T
glot‘s of Jat V > V, for these thick Internal photoemission IPE UPS & XPS
evices are usually self-consistent 5 lati
with the @, values used in the model. 1/C"vs V e'xtr'apo ation ASvs. T
For thin n/i/p-like junctions, the Contact resistivity (TLM) vs. 1/T
role of ®,, changes radically, and Kelvin, CPD to measure changes

roll-over occurs mainly in the dark. In | Surface photovoltage SPV
these cases, modeling suggests that UPS & XPS

the J(V>V,) vs 1/T analysis doesn’t Ballistic electron energy
work; the results are controlled by the | microscopy BEEM
temperature and illumination depend-
encies of p in the CdS and CdTe bulk layers. For example, for the model of figure 1, in the dark,
setting @y, = 0.1 eV (or 0.6 eV) gives activation energies of 0.29 eV (or 0.46 eV) for the rollover
ofJat1 V.

UPS and XPS are powerful surface sensitive techniques to determine band discontinuities
and barrier heights and they are arguably the most direct for devices. They probe very small
depths from the surface < 30 A, so to determine barrier heights they must be employed during
growth of the device structure by layer build up (or removal, by sputtering) [11,11a]. Hence
UPS results may not be directly applicable to devices fabricated under typical lab conditions.

Kelvin contact potential [12] and surface photovoltage SPV [13] are sensitive non-contact
methods to measure changes in barrier height. Ballistic Electron Energy Microscopy, BEEM,
uses an STM tip to obtain barrier height images with ~ 10 nm resolution [13a,b,c]. In scanning
mode, these methods could be particularly valuable in combinatorial searches for better contacts.

A relatively unexplored method is admittance spectroscopy AS. Using AS, Nollet [14]
finds activation energies of 0.4 to 0.5 eV for several cells, depending on Au or Mo contact
preparation, which they attribute to the back contact. Modeling of devices with different @y,
(but otherwise identical), does show a strong effect on capacitance-frequency data, but it appears
to be formidably complex to extract ®,. numbers from C-f data for real cells.

Despite the obvious importance of @y data and its value as feedback to fabrication, it is
scarce for polycrystalline PX thin CdTe films and devices, with few measurements on good
cells.

Back Contact Recombination

The back-contact recombination loss J,,. depends on the interface recombination velocities
Spen and Sy, (determined by the interface recombination center densities and their cross
sections and energy levels), and exponentially on ®y,.

Measurement of S, is indirect and requires well thought out models to separate surface
from bulk recombination losses. Illumination through the contact is usually required. Methods
include spectral response of surface photovoltage (SPV) [15], photo-acoustic spectroscopy [16],
Photothermal Deflection (PDS) [17], and transient optical grating techniques [18]. Several of
these references report strong sensitivity to surface treatment, promising reduction of J. by
chemical modification of the interface.

CdTe/METAL AND CdTe/DIPOLE/METAL PROTOTYPES

Ideally, the @y, of a CdTe/metal contact would depend only on the electron affinity y of the
CdTe and the metal work function (the Schottky limit) (figure 3a). However, CdTe is mostly
covalent so @, is dominated by interface states, and depends only weakly on the metal work
function. This is illustrated in table II for single-crystal (SX) CdTe [e.g., 11].



Table II. Barrier Heights (Eg — E,;) We can describe several different

barrier heights:
Meta | y(eV) | Schottky Limit | Observed | e the Schottky limit values given by the
1 D, (eV) D, (eV) CdTe electron affinity and the metal work
Pt 5.6 0.2 1.0 function, and
* the observed barrier height measured by
Au 5.1 0.7 0.85 IPE or CV for CdTe/M diodes. These are
Cc 4.2 1.6 1.18 sensitive to preparation, suggesting the
possibility of purposeful chemical
modification.

One explanation of this apparent contradiction is that it is really a CdTe/dipole/M junction
(figure 3b), where the interface states result in an atomic scale dipole between the semiconductor
and metal to give an apparent effective electron affinity smaller than that of the bulk. Such a
dipole is only several atoms thick, so tunneling doesn’t impede carrier transport. Its magnitude
depends on what defect states were formed by the interface reaction [11a]. (The dipole in the
simulation of figure 3b was created by adding 5e12 cm™ acceptors at E, = 0.45 eV (an acceptor
level commonly observed in PX CdTe) near the surface.) Since these contacts are generally
made without subsequent heat treatment, in-diffusion of dopants into the CdTe is unlikely.

The @, for the CdTe/dipole/-Metal contacts above is still much too high for good solar
cells), so there is a device limit from observed cell J-V curves; ®,. must be 0.35 to 0.45 eV or
less. Evidently contact processing, such as etching and heat treatment, either introduces
tunneling states just inside the bulk, or
further alters the dipole, in which case
tunneling doesn’t impede carrier

METAL transport.
1 There appears to be a continuum
" between (1) creation of high densities of
acceptors within the CdTe bulk (e.g., by
Xm diffusion of Cu), with consequent tun-
neling transport, and (2) formation or

Figure 3. Junctions: (a) CdTe/M, (b) alteration of a layer of acceptor-like
CdTe/Dipole/M. Dipole thickness (0.1 um in  interface states (e.g., by etching to

simulation) is exaggerated for clarity. produce V4, or by reaction with metal)
which forms a dipole to change the

effective x. Such pinning has been discussed by Shaw [36], for CdTe, and more generally, by
Tung [20].

The dipole explanation seems more valid, because self-compensation in the CdTe works
against achieving the doping density required for tunneling, and such densities have not been
observed in PX CdTe.

SX p- CdTe surface treatment with n-butyllithium [19] gives p* layers = 80 nm thick with p
= 3el9 cm’ yleldmg contact resistivities as low as 0.01 Q-cm?. This is a macroscopic example
of the dipole exercise above. Unfortunately the Li contact is only stable for a few months.

There is extensive literature on other means of altering x and/or band bending of CdTe
surfaces by surface modification. Certainly, etching steps (usually creating thin Te layers) are
critical for most of the contacting schemes, even when subsequent semiconductor layers are
applied (next section).

More aggressive surface modifications, such as ion bombardment of the CdTe surface have
been found to drastically alter the J-V characteristics of subsequent CdTe/M contacts.
Gurumurthy [20a] found large improvements in the characteristics of Au/n-CdTe (S 2 diodes on
exposure to N plasma before Au deposition (e.g. J, went from 4.4e-8 to 1.6e-12 A/cm” and A
from 1.6 to 1.1, where J, is the diode pre- exponentlal and A the ideality factor). Substantial
changes in of PX CdTe by adsorption of organic molecules such as dicarboxylic acid, with a
rational dependence on the dipole moment of the adsorbant, have been observed [21]. Another
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example is N-methyl benzohydroxamic acid [26a]. Unfortunately, the effect of organic
molecules on cell properties so far has been largely negative.

CdTe/MX/METAL PROTOTYPES
f METAL
Introducing an MX layer (MX = Cu,Te, ZnTe, =
Sb,Tes, Ni,P, Te [22], etc.) adds additional °
flexibility for E, and ), but adds another junction
and another barrier height, figure 4. Dipole layers %
at both the CdTe/MX and MX/metal interfaces are 2 Iy, 2
likely to be present. A high SCD in the MX, to w
allow tunneling to the metal at the MX/M
junction, and a high p, to reduce @, at the
CdTe/MXs junction, are required. Finally, we X —»
need either a dipole modification or an in- Figure 4. CdTe/MX/M contact expanded.
diffusion of acceptors to produce tunneling states at
the CdTe/MX interface.
MX = Cu,Te

By far the most widely used CdTe contact involves Cu,Te. A thin Te layer, formed by
etching the CdTe or by Te deposition, is then converted to Cu,Te by in-diffusion of Cu, either
from a paste containing Cu or from deposition of Cu. [10]

A cute (figure 5, assuming @y, = 0.45 eV.). The highest efficiencies
T for CdTe cells have been achieved with Cu,Te layers by Wu
o Cdtd ; [23, J. = 25.9 mA/em?, V,, = 0.845, ff = 0.755, Eff = 16.5%]
e ! metal  and Britt and Ferek1des [24].
G e B 1% The high p in Cu,Te allows tunneling at the Cu,Te/metal
z | | Iq’bc junction, so many different M layers can be used (Al, Ni, Cr,
s *:-‘__, ITO, graphite, etc.) [25]. Farag [26] found a direct band gap
i = 1.18 eV for Cu,Te with x = 1.98, and p = 1e21 cm™ due to

. Cu vacancies. Spith et al. [27], using UPS measurements
Figure 5. CdTe/Cu,Te/M. during growth of Cu,Te contacts with 1.5 <x < 1.9, found E,
=1.04 eV and ®,. = 0.7 to 0.8 eV (depending on p). This @y, is much larger than indicated by
cell J-V measurements. They concluded that contact transport was by tunneling through the
CdTe/CuxTe barrier, and involved Cu states in the CdTe.

Wau et al. [23] found that control of the amount of Cu was critical for the contact, and a
mixed phase of x = 1 and 1.4 gave the best PV parameters. From log J(V > V) vs 1/T they
found ®,. =0.48 eV.

However, Cu is a mixed blessing. Cu is lost by diffusion into the bulk and by oxidation at
the surface. Most of the Cu diffused into the bulk finds its way to the CdS, lowering its SCD,
and causing it to become photoconductive. While this causes light/dark J-V cross-over and roll-

—————— over mostly in the dark, it doesn’t necessarily compromise
; \ cell efficiency. The effect of Cu in the CdTe is more
] seTe,  problematic, both adding recombination centers (to lower
el : efficiency) and increasing the SCD, which might either raise
or lower efficiency, depending on CdTe thickness. Naively,
it should have less effect for thin n/i/p cells.
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SR MX = Sb,Te;

A number of researchers have sought contacts not
. involving Cu, including Sb,Te; and Ni,P [28]. Sb,Te; has a
Figure 6. CdTe/Sb,Tes/M.  small band gap = 0.2 eV. Deposited at low temperature, it is




amorphous and resistive, but at higher temperatures, it crystalhzes and carrier densities increase
with substrate temperature (to p = 1e20 cm ™). A value of ) can’t be found, so in figure 6, % and
a dipole are assumed to make @, = 0.45 eV, the largest Oy, suggested by J-V data.

Using Sb,Tes;, Romeo et al. [29, 29a] obtained high efficiency, and their preliminary results
indicate greater stability than for devices with contacts involving Cu (V. = 0.862, ff = 0.72, Eff
= 15.8%). Their 100 nm Sb,Te; layers are deposited by sputtering at a high substrate
temperature (300°C). There appears to be no evidence of Sb diffusion doping of the CdTe,
suggesting formation of an interface dipole. Other researchers [e.g., 30] have obtained only
moderate PV results with Sb,Tes, possibly because of low
p in the Sb,Te;. [

It has been argued that there is still residual Cu from
the raw materials (CdTe and CdCl,), but the amount of Cu
roaming in the cell is certainly reduced, and this reduction
may ultimately provide greater efficiency and stability,
given proper optimization of the contact.

MX = ZnTe [ N TS

A third example is p-ZnTe, with a favorable valence 2 L‘*'b:’z
band discontinuity AE,;, =0 to 0.1 eV [31,32]. For PX X —=
films, N or Cu doping can be higher than 5e18 cm I e. g., Figure 7. CdTe/ZnTe/M junction
33], which is enough to allow tunneling to an outer metal
contact (figure 7). In addition, ZnTe appears to have a
lower @, to the metal than does CdTe.

Extensive research on ZnTe doped with Cu has been done by Gessert et al. [34, Eff =
12.1%] and Tang et al. [35, Eff = 12.9%]. Hall effect hole densities [35] were in the range
1e19-1e20 cm’ for films with [Cu] =2 to 6 at. %. ZnTe:Cu does make a low resistance contact,
although the control of the Cu diffusing into the bulk CdTe and CdS is critical [34].

Makhratchev et al. [33] did preliminary stability studies comparing cells with ZnTe:N and
Cu/Au contacts, finding that Cu efficiencies start higher, but ZnTe:N degradation is smaller and
final efficiencies are higher.

Provided that the SCD in the ZnTe is indeed high, and given the low AE,; at the CdTe/ZnTe
interface, a low @, is indicated, with consequently low electron density at the contact. This, in
itself, should reduce back surface recombination loss at the maximum power point to negligible
values for this system, even for a high interface recombination velocity S;. This suggests that
roll-over observed in experimental J-V curves [e.g., 34] may be due to other causes such as (a)
photoconductivity in the CdS or CdTe, (b) space-charge limited current in the CdTe, (c)
formation of a donor dipole layer at the CdTe/ZnTe interface, or (d) insufficient carrier density
in the ZnTe for tunneling at the ZnTe/M interface.

ENERGY [eV) —»

DISCUSSION

The @, values determined by UPS and XPS are generally much higher than would be
expected from J-V data for real devices [11a]. For example, Spith et al. [27] find &, = 0.7 - 0.8
eV for Cu,Te contacts, whereas good PV devices admit only @y, values < 0.3 to 0.4 eV. Some
possible explanations for this apparent contradiction are:

(a) Tunneling through the barrier would require increasing the SCD to =lel8 cm™ in the
CdTe, unlikely given the strong propensity of CdTe toward bulk self-compensation. Why such
high doping could be obtained near the contact, whereas even modest doping (=1el6 cm™) is
unachievable in the PX bulk, is an open question. Regions of high p haven’t been reported in
UPS and XPS measurements, to the best of my knowledge. A somewhat more reasonable
alternative is step-wise tunneling and recombination through high densities of defect states,
perhaps introduced by interface reactions.



(b) CdTe surfaces may have multiple pinning energies [36], so modification of @ by
changes in the interface state dipole at the contact, due to subsequent processing, seems more
reasonable than invoking tunneling.

(c) The @ values determined by UPS and other laboratory methods may not be
representative of those obtained in conventional fabrication. Most MX conductivity
measurements report very high p (usually determined by vacancy density), whereas some of the
UPS studies find nearly intrinsic MX or Te [22]. The character of MX may also change with
thickness e.g., from amorphous to crystalline. The MX’s described have SCD determined by
vacancies, so MX stoichiometry may not be the same. Also, the etching step is critical to most
procedures, and that may be different

(d) Scanning techniques (e.g., BEEM [13b,c] and cathodoluminescence [37]) reveal strong
two dimensional variations of ®@,.in SX CdTe [13b,c] and PX CdTe [37]. Grain boundaries, as
perpendicular extensions of the contact interface, would contribute to these @y, distributions.
High field regions, resulting from interface topology, grain boundary intersections with the
contact interface, or from non-uniform interface reactions [22] would also contribute to
variations in ®,.. UPS, C-V, and IPE measure the average of ®@,. over area, whereas contact
transport and thermionic emission are heavily weighted to the minimum of a @, distribution.

An excellent, in-depth review of these concepts is given by Tung [20].

CONCLUSIONS

For thin cells modeling predicts sizeable efficiency increases for lower barrier heights.

Measurement techniques for barrier height are precise and direct for layers, but indirect and
sometimes ambiguous for devices. Photoelectron spectroscopy measurements give barrier
height values considerably higher than indicated for good cells, perhaps due to differences in
fabrication or two dimensional variations in ®y.. The latter is a particularly important issue.

However, great strides have been made in fundamental studies of these contacts,
particularly with UPS and XPS, which remain the most sensitive and direct methods for devices.
Barrier height data for devices is very scarce and so continued fundamental, in-depth
measurements, both on layers and completed devices, are needed

In the past most contacts were found with a large amount of trial and error. And, given the
complexity of finding new contacts, an intelligent, Edisonian trial and error approach is also
needed to explore existing contacting procedures, and to search for new ones. The use of
combinatorial approaches to finding new contact materials, perhaps using Kelvin and SPV
probes, would be invaluable. These could include variations in the CdTe surface stoichiometry.

An important part of finding a good back contact is being able to measure it accurately. J-
V curve roll-over can be a misleading measure of contact resistance and ®,,., especially with thin
n/i/p devices. So more direct methods of measurement need to be developed, both for prototype
contacts and completed devices.
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